IMPORTANCE Among patients whose need for intensive care is uncertain, the relationship of intensive care unit (ICU) admission with mortality and costs is unknown.
This uncertainty underlies the concern that ICUs may be an important and expensive source of low-value care.
The value of ICU care, however, depends on the effectiveness of ICUs. Intensive care allows for greater attention to the patient, timelier delivery of treatments, and multidisciplinary expertise in the care of patients at risk for clinical deterioration. On the other hand, for some patients, the ICU may provide no additional benefit to care provided in the general ward while also increasing the risk for nosocomial infection and the likelihood that patients receive invasive, potentially harmful procedures.
Observational studies examining the relationship between ICU admission frequency and patient outcomes often suggest that greater ICU use does not achieve better outcomes. [5] [6] [7] [8] However, these results are likely subject to confounding by indication because sicker patients are more likely to be admitted to the ICU. With pneumonia as a leading reason for hospitalization, 9 it is important to understand the implications of delivering intensive care to patients with pneumonia. We sought to determine the association between ICU admission and outcomes, 30-day mortality and costs, among elderly Americans hospitalized for pneumonia. We hypothesized that ICU admission would not be associated with a survival benefit but would be associated with greater costs.
Methods

Data Source
The institutional review board for the University of Michigan approved the study and provided a waiver of consent (HUM00053488). A retrospective cohort study of all acute care hospitalizations from 2010 to 2012 was performed among fee-for-service Medicare beneficiaries 65 years and older. The Medicare Provider Analysis and Review file was linked to mortality data in the Medicare Beneficiary Summary File. Hospital characteristics were obtained from the 2010 to 2012 American Hospital Association's Annual Surveys and the 2010 and 2011 Healthcare Cost Reporting Information Systems. Population and geographic information was obtained by linking the patient's zip code of residence to 2010 US Census data.
Study Cohort
All patients with an International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) (1) primary diagnosis code for pneumonia or (2) primary diagnosis code for respiratory failure or sepsis and secondary diagnosis code of pneumonia were identified (eTable 1 in the Supplement). This method of identifying pneumonia through administrative claims data is commonly used.
10- 12 The analysis was limited to the first hospitalization for those with multiple eligible hospitalizations in the same year (eFigure 1 in the Supplement).
Treatment Variable and Covariate Definitions
The treatment variable was ICU admission, defined as the presence of an ICU or coronary care unit revenue center code in the administrative billing record. 13 To account for differences between patients admitted to the ICU and those admitted to the wards, the analysis adjusted for demographics, comorbid illness, severity of illness, type of pneumonia, and year of admission. Income was defined by the patient's zip code of residence using 2010 US Census data. Preexisting comorbid illness was measured according to Elixhauser et al, 14 and severity of illness was captured by using secondary ICD-9-CM diagnosis and procedural codes for acute organ dysfunction, 15 mechanical ventilation, respiratory failure, sepsis, shock, cardiac or respiratory arrest, and cardiopulmonary resuscitation. The analysis adjusted for several additional hospital characteristics including hospital ownership (for profit, nonprofit, or government), medical school affiliation, teaching hospital status (resident-to-hospital bed ratio), hospital size by number of beds, ICU size by proportion of total hospital beds, annual hospital pneumonia case volume, nursing ratio (nursing full-time equivalent per 1000 patient-days), proportion of Medicaid patients admitted, geographic region, and technological index 16 (weighted sum of hospital capabilities).
Outcome Measures
The primary outcome was 30-day all-cause mortality measured from the time of hospital admission. Secondary outcomes included Medicare reimbursements to the hospital and hospital costs, calculated as the patient's hospital charges multiplied by the hospital-specific annual cost-to-charge ratio.
Instrumental Variable
In a properly executed instrumental variable analysis, the instrument approximates random assignment of patients to a treatment group analogous to a randomized clinical trial. In this study, the commonly used "differential distance" 17, 18 instrument was selected. Differential distance was calculated as the difference between (1) the distance from a patient's residence to the nearest hospital with high ICU admission and (2) the distance from a patient's residence to the nearest hospital of any type. In other words, the differential distance is the extra distance, if any, beyond the closest hospital a patient would have to travel to arrive at a hospital with high ICU admission. The distribution of ICU admission rates was examined across all hospitals, and hospitals with high ICU admission were empirically defined as those with an ICU admission rate for pneumonia in the top 2 quintiles of the included hospitals, which corresponded to an ICU admission rate for pneumonia of higher than 32%. Distances were calculated using the linear arc distance function, which measures the number of miles between the centroids of 2 zip codes. ment satisfied 3 conditions necessary to establish validity (eAppendix 1 in the Supplement). First, differential distance was highly correlated with ICU admission (partial F 1,2986 = 245, P < .001); instruments with F statistics higher than 10 are considered strong 20 For instruments defined by geography, differences in urbanity and associated variables (eg, race and socioeconomic status) are commonly observed. 18, 22 The recommended approach to address such imbalances in these and other variables is to perform analyses stratified by these variables and/or adjust for them in the instrumental variable model.
18,21
Interpreting the Instrumental Variable Results
In contrast to standard multivariable regression in which the coefficient for ICU admission represents the adjusted treatment effect for the average patient, the coefficient in the instrumental variable analysis represents the adjusted treatment effect for the so-called marginal patient. Statistically, marginal patients are those that are admitted to the ICU solely due to their proximity to a hospital with high ICU admission.
23
The instrumental variable analysis does not rely on defining the specific clinical characteristics of these patients-instead it relies on the fact that patients reside randomly around hospitals and some patients are treated differently in different hospitals. In this context, these marginal patients (referred to as borderline patients in this article) may be interpreted as those whose need for ICU admission is borderline or discretionarythat is, patients who might receive care on a general ward at one hospital and in the ICU at another because it is uncertain whether ICU admission would benefit the patient 23 (eFigure 2 in the Supplement).
Statistical Analysis χ 2 and t tests were used to evaluate associations between ICU admission and patient characteristics. Unadjusted analyses without covariates were performed using logistic regression for 30-day mortality and linear regression for Medicare spending and hospital costs. To account for average differences between patients, the association between ICU admission and 30-day mortality, payments by Medicare, and hospital costs were evaluated by logistic and linear regression models adjusted for patient and hospital characteristics. All regression models estimated robust standard errors with clustering at the hospital level.
In the instrumental variable analyses, 2-stage least squares regressions 24, 25 were performed on all patients after adjusting for patient and hospital characteristics described above, and standard errors adjusted for clustering of patients in hospitals. The adjusted outcomes from the instrumental variable model represent the mean predicted difference in the probability of death at 30 days, Medicare payments, or hospital costs. Adjusted absolute rates of outcomes were estimated using predictive margins. The method of Newhouse and McClellan 21 was used to estimate the fraction of patients hospitalized with pneumonia who were admitted to the ICU because they presented to a hospital with high ICU admission. In this approach, the percentage of patients for which the instrumental variable analysis applies can be determined by subtracting the average rate of ICU admission in the 2 patient populations stratified by median differential distance.
Subgroup and Sensitivity Analyses
To test the robustness of the findings, several subgroup and sensitivity analyses were performed. First, to address the potential for unmeasured confounding due to correlates of race and urbanity, which demonstrated imbalance by median differential distance, instrumental variable analyses were stratified by race or the National Center for Health Statistics Urban-Rural Classification Scheme. 26 Second, instrumental variable analyses were stratified by the proportion of total hospital beds that were ICU beds, an indirect measure of a hospital's likelihood of ICU capacity constraint that may be associated with increased mortality. 27 Third, to address observed differences in severity of illness by differential distance and to rule out the possibility that severely ill patients could be driving the association, the instrumental variable analysis was stratified by organ failure score and also repeated after excluding patients with ICD-9-CM codes for the following: mechanical ventilation, cardiopulmonary resuscitation, shock, or cardiac or respiratory arrest. Fourth, the instrumental variable analyses were repeated to assess the association of Medicare payments and hospital costs stratified by in-hospital mortality. Fifth, to assess the robustness of the results to the choice of modeling method, the average treatment effect of ICU admission on 30-day mortality was determined using inverse probability weighting (eAppendix 2 in the Supplement). Data management and analysis was performed using SAS (SAS Institute), version 9.3, and Stata (StataCorp), version 13.1.
Results
From 2010 to 2012, 1 327 370 acute care hospitalizations of Medicare beneficiaries with pneumonia were identified. Admissions to hospitals without ICU capabilities (3%), transfers from other acute care hospitals (3.6%), patients with missing zip codes (1.6%), or hospitalizations in US territories (0.01%) were excluded. After applying exclusion criteria, the final sample included 1 112 394 patients admitted to 2988 hospitals (eFigure 1 in the Supplement). Among these patients, 328 404 patients (29.5%) were admitted to the ICU, with patient characteristics listed in Table 1 and eTable 8 in the Supplement. In the sample, 1193 hospitals (40%) were defined as hospitals with high ICU use. Hospital characteristics by ICU use and patient outcomes by ICU admission are listed in Table 2 and Table 3 .
In unadjusted analyses, patients admitted to the ICU compared with patients admitted to a general ward had greater 30- Table 4) .
Differences between patients admitted to the ICU and patients admitted to a general ward persisted in adjusted multivariable regression models. Though attenuated, average patients admitted to the ICU had significantly higher 30-day mortality compared with patients admitted to a general ward (21.5% for patients in the ICU vs 17.8% for patients in the general ward; absolute difference, 3.7% [95% CI, 3.3-4.0]) (Table 4) . Risk-adjusted payments by Medicare ($12 711 for patients in the ICU vs $10 052 for patients in the general ward; absolute difference, $2659 [95% CI, $2513-$2805]) remained greater with ICU admission as did hospital costs ($17 160 for patients in the ICU vs $10 048 for patients in the general ward; absolute difference, $7112 [95% CI, $6874-$7349]).
The median differential distance to a hospital with high ICU admission was 3.3 miles. Of the patients for whom the differential distance was less than 3.3 miles, one-third (201 144 of 553 597 patients; 36.3%) were admitted to the ICU compared with one-fourth (127 260 of 558 797 patients; 22.8%) of those patients with pneumonia whose differential distance was more than 3.3 miles (eTable 3 and eFigure 2 in the Supplement). Therefore, following the method of Newhouse et al, 21 ICU admission appeared to depend only on distance for approximately 13% of patients.
In the instrumental variable analysis, which estimates the effect in this subset of borderline patients and which also controlled for patient and hospital characteristics, ICU admission was associated with significantly lower 30-day mortality when compared with general ward admission (14.8% for ICU admission vs 20.5% for general ward admission, P = .02) with an absolute reduction in 30-day mortality of 5.7% (95% CI, −10.6% to −0.9%) ( Table 4 and eTable 9 in the Supplement). ICU admission was not associated with significant differences in payments by Medicare ($9918 for ICU admission vs $11 238 for general ward admission; absolute decrease, $1320 [95% CI, −$3421 to $781], P = .22) or hospital costs ($14 162 for ICU admission vs $11 320 for general ward admission; absolute increase, $2842 [95% CI, −$168 to $5851], P = .06) ( Table 4 and eTables 10-11 in the Supplement). Sensitivity analyses demonstrated consistent results in the estimated benefit of ICU admission across urban and rural categories, strata of race, organ failures, ICU beds as a percentage of total hospital beds, after excluding severely ill patients, or when estimating the association of ICU admission using inverse probability weighting. None of these analyses yielded results that were substantially different from the pooled estimate (Figure) . When stratified by in-hospital mortality, ICU admission was not associated with significant differences in Medicare spending or hospital costs (eTable 12 in the Supplement).
Discussion
Among hospitalized patients with pneumonia, ICU admission of patients for whom the decision appeared to be discretionary was associated with a 5.7% absolute survival advantage at 30 days compared with patients admitted to general wards. There were no significant differences in Medicare spending or hospital costs associated with ICU admission. Contrary to the prespecified hypothesis, these findings suggest that ICU admission for borderline patients (those for whom ICU admission depends on the hospital to which they present) is associated with reduced mortality without a considerable increase in costs.
When interpreting the results of this study, it is important to understand the population to which it applies. Whereas traditional regression models can be applied only to statistically average patients, the instrumental variable findings apply only to patients with pneumonia whose ICU admission decision varied depending on distance from a hospital with high ICU admission. This population of patients does not immediately translate into specific clinical criteria; however, it is likely that these are patients who would be admitted to the ICU in one hospital but not another. Such patients represent those with a borderline or uncertain need for the ICU. Instrumental variable analyses do not definitively identify the exact size of this population; however, our results suggest that the population of patients who might benefit from ICU admission is not trivial, particularly given the substantial number of Medicare patients with pneumonia each year. Our results should not, however, be extrapolated to patients whose ICU triage decision is straightforwardthose who clearly benefit from ICU admission (eg, mechanically ventilated) and those for whom ICU admission is obviously not indicated (eg, low-risk admissions).
23
There are several reasons why ICU admission may be beneficial for borderline patients with pneumonia. First, the ICU brings patients greater attention from nurses allowing for more timely recognition of decompensation. 28, 29 Late admission to an ICU for patients with pneumonia was associated with worse outcomes compared with patients with a similar disease severity admitted early to an ICU, at least in a 2-site study. 30 Second, pneumonia is the most common cause of sepsis, a syndrome in which earlier, more aggressive care (more readily Abbreviations; FTE, full-time equivalent; ICU, intensive care unit. a High ICU use hospitals were defined as hospitals with an ICU admission rate for pneumonia in the top 40% of all hospitals over the 3-year period with a minimum ICU rate of admission for pneumonia of 32%. b Percentage of hospital beds that are ICU beds.
c The technology index is the weighted sum of the following hospital capabilities: obstetrics, medical/surgical ICU, cardiac ICU, emergency department, trauma center, open heart surgery, radiation therapy, computed tomography, diagnostic radiology, magnetic resonance imaging, positron-emission tomography, single-photon emission computed tomography, ultrasonography, and transplantation service. 16 suggest that ICU admission for pneumonia has been associated with increased rates of guideline-based treatment, which has been linked with improved mortality and reduced costs. Fourth, ICU admission increases the likelihood that a patient with pneumonia is managed by pulmonary or critical care specialists, clinicians whose case volume or expertise in pneumonia care may yield better outcomes. 32, 36 Further research is needed to elucidate these and other potential mechanisms underlying the ICU's beneficial association with mortality for patients with pneumonia. This research could include randomized trials to provide a degree of causal evidence not possible even from instrumental variable analyses and other observational approaches.
The study results differ from several that have examined the association between ICU admission and patient outcomes, primarily because they sought to answer different questions. Previous studies assessed the outcomes of average patients admitted to the ICU with traditional risk adjustment and have shown increased overall mortality and costs. 35, 37 Yet, such studies fail to fully address the confounding by indication for ICU admission. 38 For example, many individuals are denied admission to the ICU for reasons that cannot be measured by administrative data or because they do not require lifesustaining therapies, potentially gaining less additional benefit from ICU-level care that cannot fully be accounted for using severity of illness measures. This study addresses the potential for unmeasured confounding with instrumental variable analyses. This study should be interpreted in the context of several limitations. First, administrative data were used, which may under-identify or improperly identify patients with pneumonia. 13 However, patients with pneumonia were identified using a well-established definition from epidemiologic research, which may better identify patients with pneumonia than the definition employed by Medicare due to variations in hospital coding. [10] [11] [12] Second, it cannot be proven that the instrument fully addresses unmeasured confounding.
23,24
However, subgroup and sensitivity analyses performed to address this concern corroborated the primary results. Third, Abbreviations: ICU, intensive care unit; IQR, interquartile range. a There were 4877 patients (0.4%) excluded from regression models due to missing hospital cost-to-charge ratios. Table 1 and Table 2 in addition to all 29 individual Elixhauser comorbidities. Angus organ failure score, which identifies severity of illness by patient organ failures derived from the administrative record with a maximum score of 6, was defined to include all organ failures numbered 0 to 5 or higher. Higher scores indicate more organ failures.
Hospital region included the 9 US census defined regions. All standard errors for models were adjusted for clustering of patients within hospitals. b Two-stage least squares regression of all patients using differential distance to the nearest hospital with high ICU admission as the instrumental variable, adjusted for all variables in Table 1 and Table 2 , and for clustering of patients within hospitals.
because the analysis includes only Medicare beneficiaries, it may not generalize to a younger population with pneumonia. Fourth, data was not available to identify either the timing of ICU admission within a hospitalization or the reason for ICU admission, preventing an exploration of the chain of events leading up to ICU admission or the mechanism through which the ICU may benefit borderline patients. Similarly, although there are many reasons for the variation in ICU use between hospitals, this study was unable to examine clinician-specific effects on ICU triage. Finally, although true economic costs were not examined and we could not examine physician, facility, or outpatient payments, hospital costs and Medicare payments represent the real-world transaction of money between hospitals and Medicare for patient care. 39 These findings may have implications for health system leaders and policy makers seeking to improve the quality and efficiency of ICU care. In order to contain US health care costs, it has been suggested that reducing critical care bed supply would result in more efficient admission decisions and cost savings with minimal mortality decrements, particularly in certain possibly "oversupplied" regions of the country. 3, 40 This assertion presumes that ICU admission for more discretionary patients provides minimal benefit but substantially increases costs. The findings of this study conflict with such assertions and suggest that greater rates of ICU admissions for patients with pneumonia may not only improve survival, but might do so without significantly increasing hospital costs. Indeed, if replicated by others, these results could motivate a trial of increased access to ICU (or ICU-like) care for patients with pneumonia who might otherwise be cared for on the ward.
Conclusions
Among Medicare beneficiaries hospitalized with pneumonia, ICU admission of patients for whom the decision appeared to be discretionary was associated with improved survival and no significant difference in costs. A randomized trial may be warranted to assess whether more liberal ICU admission policies improve mortality for patients with pneumonia. Table 1 and Table 2 in addition to all 29 individual Elixhauser comorbidities and clustering of patients within hospitals. The regression models excluded 11 703 patients (1%) due to missing differential distance (n = 5166), admission source (n = 4053), urban/rural (n = 2430), pneumonia volume (n = 107). The Angus organ failure score identifies severity of illness by patient organ failures derived from the administrative record with a maximum score of 6. Higher scores indicate more organ failures. Details of the inverse probability weighting estimate can be found in eAppendix 2 in the Supplement. The severely ill subgroup excluded individuals with shock (ICD-9-CM: 458, 785. 
